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IL-5 stimulation of CD38-activated murine splenic B cells induces�-�1 CSR at the DNA level leading to a high level of IgG1
production. Further addition of IL-4 in the system enhances IL-5-dependent�-�1 CSR. Although some of the postreceptor
signaling events initiated by IL-5 in activated B cells have been characterized, the involvement of Stat in IL-5 signaling has not
been thoroughly evaluated. In this study, we examined the activation of Stat5 and activation-induced cytidine deaminase (AID) in
CD38-activated murine splenic B cells by IL-5. The role of Stat5a and Stat5b in IL-5-induced�-�1 CSR and also IgG1 and IgM
production was documented, as IL-5 does not act on CD38-stimulated splenic B cells from Stat5a�/� and Stat5b�/� mice. Ex-
pression levels of CD38-induced germline�1 transcripts and AID in Stat5a�/� and Stat5b�/� B cells upon IL-5 stimulation were
comparable to those of wild-type B cells. The impaired�-�1 CSR by Stat5b�/� B cells, but not by Stat5a�/� B cells, was rescued
in part by IL-4, as the addition of IL-4 to the culture of CD38- and IL-5-stimulated B cells induced �-�1 CSR leading to IgG1
production. Analysis of cell division cycle number of wild-type B cells revealed that�-�1 CSR was observed after five or six cell
divisions. Stat5a�/� and Stat5b�/� B cells showed similar cell division cycles, but they did not undergo�-�1 CSR. Our data
support the notion that both Stat5a and Stat5b are essential for IL-5-dependent�-�1 CSR and Ig secretion; however, their major
target may not be AID. Stat5a and Stat5b are not redundant, but rather are at least partially distinctive in their function. The
Journal of Immunology, 2001, 167: 5018–5026.

T he process of class switch recombination (CSR)3 is crit-
ical for the generation of functional diversity in the hu-
moral immune response. CSR results in replacement of

the C� H chain constant region (CH) of the Ig gene with other CH
sequences. This switch of the Ig isotype from IgM to IgG, IgE, or
IgA is highly regulated by cytokines, B cell activators, or both
(1–5). IL-5 is able to induce proliferation and differentiation of
mouse B-1 and activated conventional B (B-2) cells (6–9). We
previously reported that transgenic mice carrying theIL-5 gene
show enhanced serum IgA and IgE levels (10). We and others have
also reported that IL-5 is required for CSR but has no apparent role
in inducing germline Ig gene transcription (11–13). IL-5 therefore
appears to regulate an unknown step in the process of CSR in vivo.

The Ig CH locus consists of the ordered array of CH genes, each
flanked at the 5� end by an S region that comprises tandem repet-
itive unit sequences with many palindromes (14). CSR for the
expression of a particular CH gene seems to be preceded by tran-
scription of the germline Ig gene locus (15–19). The recombination
specificity is determined by the target region of the specific intron
(I) promoter, located 5� to each S region, being in open and thus
accessible chromatin (15–20). In addition to transcriptional acti-
vation of germline CH sequences, CSR between S� and another S
region 5� to a CH sequence is mediated by a DNA recombination
event that moves the V(D)J segments to a new position upstream
of the isotype being expressed. It includes looping out and deletion
of all CH genes except for the onebeing expressed (15). The
deleted DNA forms circular structures termed “switch circles”
that may contain reciprocal recombination products consisting
of the 3� section of an S region joined to the 5� section of the
S region of the new isotype (21–24). Although molecular
mechanisms of CSR are still obscure, involvement of activa-
tion-induced cytidine deaminase (AID), a potential RNA edit-
ing enzyme, has been shown in the regulation or catalysis of the
DNA modification step of CSR (25).

CD38 is a type II transmembrane glycoprotein that possesses
both ADP-ribosyl cyclase and cADP-ribosyl hydrase activities,
and is widely expressed in both hematopoietic and nonhematopoi-
etic lineage cells (26). Human CD38 is highly expressed in ger-
minal center B cells and is thought to play a key role in the sig-
naling events involved in B cell development. Mouse CD38, in
contrast, is expressed in follicular B cells but is down-regulated in
germinal center B cells (27, 28). Stimulation of CD38-positive
lymphocytes with an anti-mouse CD38 mAb (�CD38) has pro-
found effects on the cells’ viability, activation, proliferation, and
differentiation (26). We previously reported that binding of�CD38
(CS/2) to splenic B-2 cells induces a potent proliferative response
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associated with expression of the IL-5R� and prevention of B cell
apoptosis (29, 30). Furthermore, IL-5 stimulation of �CD38-acti-
vated splenic B-2 cells induces �-�1 switch recombination and
IgG1 production in an IL-4-independent manner (13, 31). IL-5
activates a number of kinases, including Btk, Janus kinase (Jak)2,
Lyn, and Raf-1, as well as the phosphatase, SHP2 (32–40). Among
these molecules, Btk and Jak2 have been shown to be essential for
proliferation of B-lineage cell lines (32–35, 37, 40). Two well-
characterized signaling molecules downstream of Jak2 are the
highly related Stat proteins, Stat5a and Stat5b (41–43). Stat5 was
originally identified as a mammary gland factor induced by pro-
lactin (44). Subsequently, this protein was renamed Stat5a when a
second, homologous gene, denoted Stat5b, was identified (45–48).
Both Stat5a and Stat5b are activated not only by prolactin, but also
by a very wide range of other cytokines, including IL-5 (47).

Although Stat5a and Stat5b are highly homologous, Stat5a-de-
ficient (Stat5a�/�) mice exhibit defective prolactin-related func-
tions, with impaired lobuloalveolar outgrowth of mammary epi-
thelium during pregnancy, resulting in defective lactation (49, 50),
whereas Stat5b-deficient (Stat5b�/�) mice exhibit a number of
phenotypes that result from impaired growth hormone signaling,
such as defective growth similar to that found in Laron dwarfism
(51, 52). In addition, Stat5a�/� and Stat5b�/� mice are also im-
munologically different from each other (50, 52–56). However,
Stat5a and Stat5b may have overlapping functions because Stat5a/
Stat5b double-deficient mice exhibit a severe defect in T cell pro-
liferation and in myeloid cell precursor production (50, 57).

Although IL-5 activates Stat5 (35) and induces �-�1 CSR and
Ig production in activated B cells (13, 31), the role of Stat5a and
Stat5b in IL-5 signaling in B cells remains unclear. To understand
the molecular mechanism of IL-5-dependent CSR, we have devel-
oped an in vitro assay system using �CD38-stimulated splenic B
cells (13). CSR takes place in the endogenous Ig locus only when
the �CD38-activated B cells are stimulated with IL-5. Given the
role of IL-5 in �-�1 CSR and IgG1 production, we were particu-
larly interested in analyzing whether CSR is normally induced in
Stat5a�/� and Stat5b�/� B cells. The results revealed that IL-5-
dependent IgG1 production and �-�1 CSR were severely impaired
in both Stat5a�/� and Stat5b�/� B cells. The impaired �-�1 CSR
in Stat5b�/� B cells, but not in Stat5a�/� B cells, was rescued in
part by IL-4, as the addition of IL-4 to the culture of �CD38- and
IL-5-stimulated splenic B cells enhanced the frequencies of �-�1
CSR. The implications of these findings will be discussed.

Materials and Methods
Mice and genetic analysis

BALB/c and C57BL/6 mice were purchased from Japan SLC (Hamamatsu,
Japan). Stat5a�/� and Stat5b�/� mice (49, 51) were back-crossed to
BALB/c mice or C57BL/6 mice for four generations and used for exper-
imentation at 8–12 wk of age. Mice were housed in microisolator cages
under specific pathogen-free conditions. All mice were maintained on a
diet of laboratory chow and water available ad libitum in the animal facility
of the Institute of Medical Science, University of Tokyo (Tokyo, Japan).
Experiments were performed according to the guidelines for animal treat-
ment at the Institute of Medical Science, University of Tokyo. The mouse
genotype was determined by PCR of tail DNA using the following primer
pairs: Stat5a WT1 and Stat5a WT2 for the Stat5a wild-type gene, Stat5b
WT1 and the Stat5b WT2 for Stat5b wild-type gene, and HNA113 and
HNA114 for neomycin gene (see PCR primers).

Abs and reagents

Purified �CD38 (CS/2) was prepared as previously described (29). LB429
(anti-mouse CD40 mAb) (58) was kindly provided by Dr. N. Sakaguchi
(Kumamoto University, Kumamoto, Japan). Affinity-purified F(ab�)2 of
goat anti-mouse IgM Ab (�IgM) and LPS were purchased from ICN Phar-
maceuticals (Aurora, OH) and Difco Laboratories (Detroit, MI), respec-
tively. Streptavidin-conjugated magnetic beads were purchased from

Miltenyi Biotec (Bergisch Gladbach, Germany). Mouse IL-4 was purified
from cultured supernatants of X63-IL-4 using anti-mouse IL-4 mAb
11B11-coupled beads. Mouse IL-5 was purified according to the previously
described procedure (37).

B cell cultures

Splenic B cells were isolated from 8-wk old mice after T cell depletion
according to procedures previously described (13). They were cultured in
RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 50
�M 2-ME, penicillin (50 U/ml), and streptomycin (50 �g/ml) in 96-well
flat-bottom microtiter plates containing a concentration of 1 � 105 cells/
well in 200 �l of medium with or without stimulants. To determine Ig
secretion, splenic B cells were plated in flat-bottom 96-well plates at a
density of 105 cells/well and cultured for 7 days. Either �CD38 (CS/2, 0.5
�g/ml), IL-5 (100 U/ml), IL-4 (100 ng/ml), or a selected combination of
those agents was added at the time the cells were plated. Cultures were set
up in triplicate. Cells were pulse-labeled for the last 6 h of 72-h culture with
0.2 �Ci/well [3H]thymidine (Amersham Pharmacia Biotech, Buckingham-
shire, U.K.) and harvested onto glass fiber filters after the culture. Incor-
poration of [3H]thymidine was measured according to procedures previ-
ously described (13) by tritium sensitive avalanche gas ionization methods
using a Matrix 96 Direct � Counter (Packard Instrument, Meriden, CT).
Results are expressed as the arithmetic mean � SD of triplicate cultures.
To determine Ig secretion, splenic B cells were cultured at a density of 1 �
105 cells/well in 200 �l of medium for 7 days. The amounts of total IgM
and IgG1 present in the culture supernatants were measured by ELISA as
previously described (13). Each experiment was repeated at least three
times, and one of the representative results was shown. For FACS analysis
and preparation of DNA and RNA, B cells were cultured with their re-
spective stimuli in 6-well plates at a density of 1 � 106 cells/ml.

Flow cytometric analysis

Division cycle number of B cells was determined according to procedures
previously described (59). Splenic B cells were suspended in PBS at 1 �
107 cells/ml and incubated with CFSE (Molecular Probes, Eugene, OR) at
a final concentration of 1 �M at 37°C for 10 min. The labeled B cells were
washed with culture medium and then incubated with optimal concentra-
tions of stimulants for various periods of time. After the culture, the cells
recovered were suspended in staining buffer (PBS, 2% FCS, and 0.05%
sodium azide) containing 2 �g/ml 7-amino-actinomycin D (Sigma Fine
Chemical, St. Louis, MO) to exclude dead cells from the analysis. Analyses
of cell division cycle number among viable cells were conducted using
FACScan and the FACSCalibur instrument (BD Biosciences, Mountain
View, CA). For sorting, after centrifuging with high-density solution
(6.55% Ficoll 400 (Amersham Pharmacia Biotech, Uppsala, Sweden) and
15% Urographin (amidotrizoic acid; Schering, Berlin, Germany)) to sep-
arate live from dead cells, and the cells in each division cycle number were
isolated by sorting using FACSVantage (BD Biosciences).

Semiquantitative RT-PCR analysis

Total RNA was extracted from splenic B cells before or after the culture
(2-day culture for germline �1 transcript assay and 3-day culture for IL-
5-induced gene expression analysis) using TRIzol (Life Technologies,
Gaithersburg, MD) according to manufacturer’s instructions. cDNA syn-
thesis was conducted in 20-�l aliquots of reaction mixture containing 1.5
or 5 �g of total RNA, oligo-dT primer, and SUPERSCRIPT II RNase H�

reverse transcriptase (Life Technologies). For semiquantitation, serial di-
lutions of the cDNA templates were subjected to PCR amplification using
the following primers: hypoxanthine guanine phosphoribosyl transferase
(HPRT) S1 and HPRT AS1 for HPRT, Ig1 and Cg1R for germline �1
transcript (25), B lymphocyte-induced maturation protein-1 (Blimp-1) S
and AS for Blimp-1, AID S1 and AID AS1 for AID, and suppressor of
cytokine signaling (SOCS)-2 S and SOCS-2 AS for SOCS-2. PCR products
were separated by electrophoresis on 2% agarose gels and visualized by
ethidium bromide staining.

PCR primers

Stat5a WT1, 5�-TAGAAGCCACATGCACCCTTACCTG-3�; Stat5a
WT2, 5�-CCAAACTCTGAAAATCCCTAACTAGG-3�; Stat5b WT1, 5�-
CCCAAGAGTACTTCATCATCCAG-3�; Stat5b WT2, 5�-GAGCTTC
TCCTACGACCTTACT-3�; HNA113, 5�-AGAGGCTATTCGGCTATG
ACTG-3�; HNA114, 5�-TTCGTCCAGATCATCCTGATC-3�; HPRT S1,
5�-CGTCGTGATTAGCGATGATGAACC-3�; HPRT AS1, 5�-ACTGCT
TAACCAGGGAAAGCAAAG-3�; Ig1, 5�-GGCCCTTCCAGATCTTT
GAG-3�; Cg1R, 5�-GGATCCAGAGTTCCAGGTCATC-3�; Blimp-1 S,
5�-TCCGGCTCCGTGAAGTTTCAA-3�; Blimp-1 AS, 5�-GGTGGAACT
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CCTCTCTGGAAT-3�; AID S1, 5�-ATATGGACAGCCTTCTGATGAA
GC-3�; AID AS1, 5�-TCAAAATCCCAACATACGAAATGC-3�; SOCS-2
S, 5�-CGAGCTCAGTCAAACAGGAT-3�; SOCS-2 AS, 5�-TCTTGTT
GGTAAAGGCAGTCC-3�.

PCR analysis of �1-� reciprocal DNA recombination products

PCR analysis of �1-� reciprocal DNA recombination products was con-
ducted according to procedures previously described (13). For amplifica-
tion of �1-� recombination products, 10 or 200 ng of genomic DNA pre-
pared from cultured or freshly isolated B cells were subjected to PCR
amplification. The PCR products were transferred onto nylon membranes
(GeneScreen; NEN, Beverly, MA) and then hybridized with 32P-labeled
S�1 probe (13). Blots were analyzed with a Fujix BAS1000 Bioimaging
Analyzer (Fuji Photo Film, Tokyo, Japan).

Immunoblot and immunoprecipitation

For protein tyrosine phosphorylation analysis, viable cells that had been
stimulated with �CD38 (CS/2, 0.5 �g/ml) for 2 days were isolated by
centrifuging with high-density solution. Purified B cells (2 � 107 cells/100
�l) were incubated for the indicated periods of time with IL-5 (500 U/ml)
and lysed with TNE buffer (1% Nonidet P-40, 10 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1 mM EDTA, 0.2 mM sodium orthovanadate, 10 mg/ml
aprotinin, and 10 mg/ml leupeptin). Insoluble debris was removed by cen-
trifugation. For immunoprecipitation by Abs, cell lysates were precleared
with protein G Sepharose for 1 h at 4°C and further incubated with anti-
serum against Jak2, Stat5a, or Stat5b for another 1 h at 4°C. The immune
complex was then precipitated with protein G Sepharose and washed five
times with lysis buffer. Then, 50% volume of 3� sample buffer (195 mM
Tris-HCl (pH 6.8), 9% SDS, 15% 2-ME, and 30% glycerol) was added to
each sample. The mixtures were boiled for 5 min and resolved by SDS-6%
PAGE. Following electrophoresis, proteins were transferred onto polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA). The membranes
were blocked by incubation with TBS buffer (20 mM Tris-HCl (pH 7.4),
150 mM NaCl) containing 5% BSA. Phosphotyrosine-containing proteins
were detected by incubating the membrane with HRP-conjugated anti-
phosphotyrosine mAb (RC20:HRP; BD Transduction Laboratories, Lex-
ington, KY). Following extensive washing, the membranes were developed
using the ECL detection system (NEN Life Science Products,
Boston, MA).

Nuclear protein extract preparation and EMSA

Nuclear protein extracts were prepared according to procedures as de-
scribed (35), with a slight modification. EMSA was conducted in the fol-
lowing buffer: 10 mM HEPES (pH 7.9), 50 mM sodium chloride, 1 mM
EDTA, 5% glycerol, and 0.1% NP40. Each reaction also contained 50
�g/ml poly(dI:dC) (Amersham Pharmacia Biotech) and 10 fM of 32P-end-
labeled probe. Complex formation was initiated by the addition of nuclear
extract that was equivalent to 2 � 106 cells. Incubation at room tempera-
ture for 30 min preceded electrophoretic analysis on a 4% polyacrylamide
gel in 0.25� TBE buffer (25 mM Tris, 22.5 mM boric acid, and 0.25 mM
EDTA) (35). Gels were analyzed by autoradiography.

Results
Stat5 activation in �CD38- and IL-5-stimulated mouse splenic B
cells

We and others have previously reported activation of Jak2/Stat
pathways by IL-5 in mouse pro-B cell lines and in human eosin-
ophilic cell lines (35, 38, 47). An IL-5-responsive Stat protein was
identified to be Stat5 and subsequently found to be Stat5a (48). To
examine the activation of Jak2/Stat5 in IL-5-stimulated primary B
cells, splenic B cells from C57BL/6 mouse were stimulated for 5
min with �CD38 (CS/2), IL-5, or �CD38 plus IL-5. Total cell
lysates were immunoprecipitated with anti-Jak2 Abs and immu-
noblotted using anti-phosphotyrosine Ab (4G10). Stimulation of
splenic B cells with IL-5 significantly induced tyrosine phosphor-
ylation of Jak2 (Fig. 1A). The �CD38 stimulation showed a lesser
extent of Jak2 tyrosine phosphorylation.

Nuclear protein extracts of spleen cells from each group were
prepared and gel-shift assays were conducted using the �-casein
DNA element (35). As shown in Fig. 1B, the IL-5 stimulation
induced the formation of �-casein probe-Stat5 complexes and
most of the activity could be supershifted with Abs against Stat5a.

Costimulation of splenic B cells with �CD38 mAb and IL-5 in-
duced Stat5a activation to a similar extent to that resulting from
IL-5 stimulation alone. Stimulation solely with �CD38 mAb
showed undetectable formation of �-casein probe-Stat5a binding
activity.

A prerequisite step in the activation of Stat5 is phosphorylation
on tyrosine residues. The �CD38-activated splenic B cells from
C57BL/6 mice were stimulated for various periods of time with
IL-5, and their cell lysates were immunoprecipitated with anti-
Stat5a or anti-Stat5b Abs and subjected to immunoblot analysis
using anti-phosphotyrosine Ab. As shown in Fig. 1C (upper pan-
el), a tyrosine-phosphorylated band was detected within 2 min af-
ter IL-5 stimulation. This was shown to be Stat5a by reprobing
with an anti-Stat5a Ab (Fig. 1C, lower panel). Essentially identical
results were obtained by using anti-Stat5b Ab (Fig. 1D), although
considerable difference of the decay kinetics between Stat5a and
Stat5b tyrosine phosphorylation were observed. These results in-
dicate that IL-5 stimulation of splenic B cells induces activation of
Jak2, Stat5a, and Stat5b.

Proliferative response of Stat5a�/� and Stat5b�/� B cells to
mitogenic stimuli

There is a body of supporting evidence (41, 43, 60) indicating that
Stat5a and Stat5b play the distinctive roles in cell growth and differ-
entiation, although they also have overlapping functions (50, 57).
Splenic B cells from Stat5a�/� and Stat5b�/� mice were cultured
with various individual and combinations of stimuli including
�CD38, LPS, and F(ab�)2 of anti-IgM (�IgM) for 72 h and the
proliferative responses were monitored by [3H]thymidine incorpora-
tion. As a control, splenic B cells of wild-type (WT) littermate mice
were cultured separately. The proliferative response of Stat5a�/� B
cells to �CD38 plus IL-5 was significantly lower (�50%) than that of

FIGURE 1. Activation of Stat5 in IL-5-stimulated splenic B cells. A, T
cell-depleted splenic B cells from C57BL/6 mice were stimulated for 5 min
with either �CD38 (CS/2; 0.5 �g/ml), IL-5 (100 U/ml), or a combination
of both, and then lysed. Cellular extracts prepared from each of the treat-
ments (equivalent to 2 � 106 cells/lane) were immunoprecipitated with
anti-Jak2 Ab. The immunoprecipitates were analyzed by SDS-PAGE and
immunoblotted with anti-phosphotyrosine Ab 4G10. B, Nuclear extracts
prepared from each of the treatments (equivalent to 2 � 106 cells/lane)
were subjected to EMSA using a labeled �-casein DNA probe. Anti-Stat5a
Abs were added to a separate set of reactions. The open triangle indicates
probe-Stat5 complexes, and the filled triangle indicates supershift com-
plexes with anti-Stat5a Ab. C and D, The �CD38-primed splenic B cells
were stimulated with IL-5 for the indicated periods of time and lysed. The
cell lysates (equivalent to 2 � 107 cells/lane) were immunoprecipitated
with anti-Stat5a or anti-Stat5b Ab. Immunoprecipitates were subjected to
SDS-6% PAGE, immunoblotted with anti-phosphotyrosine Ab, and re-
probed with anti-Stat5a or anti-Stat5b Ab.
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splenic B cells of WT littermates (Fig. 2A). The proliferative response
of Stat5a�/� B cells to anti-CD40 mAb (LB429) plus IL-5 was also
�50% of that of control B cells (data not shown). Stat5a�/� B cells
showed proliferative response to �IgM and LPS to a similar extent to
those of WT B cells. Anti-CD40 mAb (LB429) plus IL-5 also
suppressed the proliferative response in Stat5a�/� B cells (data not
shown). In contrast, proliferative responses of Stat5b�/� B cells to
various stimuli including �CD38 plus IL-5 were comparable to the
responses of WT B cells (Fig. 2B). These results indicate that the
Stat5a activation is required for inducing the maximum level of B cell
proliferation in response to �CD38 and IL-5.

Impaired IgG1 production upon stimulation of Stat5a�/� and
Stat5b�/� B cells with �CD38 and IL-5

We cultured splenic B cells from Stat5a�/� mice, Stat5b�/� mice,
and their WT littermates with �CD38, IL-4, IL-5, or combinations
of these, for 7 days. The concentration of IgM and IgG1 in culture
supernatants was then measured. Stimulation of Stat5a�/� and
Stat5b�/� B cells with �CD38 plus IL-5 induced IgM (Fig. 3, A
and C) and IgG1 production (Fig. 3, B and D) and to a much lesser
extent IgG3 and IgG2b (data not shown). IL-4 stimulation together
with �CD38 plus IL-5 further enhanced the IgM and IgG1 pro-
duction. Both Stat5a�/� and Stat5b�/� B cells produced a very
low level of IgM and IgG1 upon stimulation with �CD38 plus IL-5
(Fig. 3) and undetectable levels of IgG3 and IgG2b (data not

shown). In contrast, IgM and IgG1 production in response to LPS
stimulation was similar to that produced by the WT B cells (data
not shown). Intriguingly, �CD38- and IL-5-dependent IgM and
IgG1 production by Stat5b�/� B cells was partially rescued by the
addition of IL-4 (Fig. 3, C and D), whereas the restorative effect of
IL-4 was not observed in Stat5a�/� B cells (Fig. 3, A and B).

Induction of germline �1 transcripts in Stat5a�/� and Stat5b�/�

B cells upon �CD38 stimulation

Impaired IgG1 secretion by Stat5a�/� and Stat5b�/� B cells to
�CD38 plus IL-5 stimulation may be due to impairment of CSR.
CSR in B cells is preceded by transcription of the corresponding
unrearranged constant region gene of the germline H chain (16,
17). As �CD38 stimulation induces the germline �1 mRNA ex-
pression (13), we examined the expression of germline �1 tran-
scripts following stimulation of Stat5a�/� and Stat5b�/� B cells
with �CD38. After 2 days of culture, the extent of germline �1
transcription was similar in Stat5a�/�, Stat5b�/�, and WT B cells
(Fig. 4). IL-5 neither induced detectable levels of germline �1
transcripts (data not shown) nor enhanced the expression of tran-
scripts induced by �CD38 (Fig. 4).

IL-5-dependent �-�1 CSR in Stat5a�/� and Stat5b�/� B cells

The above results suggest that lower IgG1 production by
Stat5a�/� and Stat5b�/� B cells in response to �CD38 plus IL-5

FIGURE 2. Proliferative response of splenic B
cells to B cell stimuli. T cell-depleted splenic B cells
from 8-wk-old Stat5a�/� (open bars) and Stat5a�/�

mice (filled bars) (A), and Stat5b�/� (open bars) and
Stat5b�/� mice (filled bars) (B) were cultured (1 �
105 cells in a 200-�l culture) for 3 days with IL-5 (100
U/ml), �CD38 (0.5 �g/ml), LPS (10 �g/ml), �IgM
(10 �g/ml), or in various combinations. Cells were
pulse-labeled with [3H]thymidine (0.2 �Ci/well) for
the last 6 h of the culture. The results represent mean
cpm � SD of triplicate cultures. We tested three mice
for each group.

FIGURE 3. Impaired IgM and IgG1 production by
Stat5a�/� (open bars) and Stat5a�/� B cells (filled bars) (A
and B) and Stat5b�/� (open bars) and Stat5b�/� B cells
(filled bars) (C and D) in response to various stimuli. T
cell-depleted splenic B cells (1 � 105/200 �l/well) were
cultured for 7 days with each stimulant. The IgM (A and C)
and IgG1 (B and D) concentrations (�g/ml) in cultured su-
pernatants were determined by ELISA. One of the repre-
sentative results was shown.
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does not simply reflect the lower expansion and differentiation of
a preexisting pool of surface IgG1-positive (sIgG1�) B cells.
Rather, frequencies of IL-5-induced S�-S�1 switch recombination
in Stat5a�/� and Stat5b�/� B cells may be affected. To address
this issue, we applied systems for detecting frequencies of CSR
events regardless of subsequent proliferation, by amplifying �1-�
circular DNA according to procedures described in the Materials
and Methods. Either Stat5a�/� B cells or Stat5b�/� B cells were
cultured with �CD38, �CD38 plus IL-5, or �CD38, IL-5, and IL-4
for 3 days. After the culture, total DNA was prepared and ampli-
fied by semiquantitative PCR. PCR products were hybridized with
5� S�1 probe. Two independent amplifications were performed on
identical aliquots of DNA template to improve detection of rare
events and to assess the reproducibility. As shown in Fig. 5, very
little amplified product was detected from littermate B cells cul-
tured with �CD38 (Fig. 5A, lanes 1 and 2, and Fig. 5B, lanes 1 and
2). The quantity of �1-� switch circles was substantially increased
in cells cultured with �CD38 plus IL-5 (Fig. 5A, lanes 3 and 4, and
Fig. 5B, lanes 3 and 4). Stimulation with �CD38, IL-5, and IL-4
induced enhancement of the quantity of �1-� switch circles in WT
B cells (Fig. 5A, lanes 5 and 6, and Fig. 5B, lanes 5 and 6). The
quantity of �1-� switch circles was not detected in Stat5a�/� and

Stat5b�/� B cells upon stimulation with �CD38 plus IL-5 (Fig.
5A, lanes 9 and 10, and Fig. 5B, lanes 9 and 10). Intriguingly, PCR
products of �1-� switch circles in Stat5b�/� B cells were detected
when the cells were stimulated with �CD38, IL-5, and IL-4 (Fig.
5B, lanes 11 and 12). These were not observed in Stat5a�/� B cells
(Fig. 5A, lanes 11 and 12). We infer from these deletion circle
assays that part of the Stat deficiency defect is in switch
recombination.

A synchronous B cell division tracked with CFSE and switch
recombination

A number of previous reports have delineated the relationship of
CSR with cell division cycle number (61–64). A technique for
simultaneously tracking the division cycle history of stimulated
cells and examining the cell surface phenotype has been developed
by Lyons and Parish (59). We used their method to track the re-
lationship between cell division cycle number and B cell Ig isotype
switching induced by the combination of �CD38 and IL-5. We
also compared cell division cycle number of Stat5�/� B cells with
that of Stat5�/� B cells using CFSE. In Stat5�/� B cells, CFSE-
labeled cells exhibited a single sharp log-normal distribution of
fluorescence intensity, the mean of which decayed with time in
culture and was diluted twofold with each consecutive cell divi-
sion. The first cell divisions occurred at 48 h and continued to the
final time point at day 5 (data not shown). During this period, a
marked asynchrony of B cell division in culture was observed.
Stimulation of splenic B cells with �CD38 and IL-5 induced six to
seven cell divisions (Fig. 6A, upper panel). Stat5a�/� B cells
showed five to six cell divisions that were lesser than that of
Stat5a�/� B cells (Fig. 6A, lower panel). Stimulation of Stat5a�/�

B cells, but not Stat5a�/� B cells, with �CD38, IL-5, and IL-4
showed significantly enhanced cell division number. Essentially
identical results were obtained using Stat5b�/� and Stat5b�/� B
cells (Fig. 6B), except that both Stat5b�/� and Stat5b�/� B cells
responded well to �CD38, IL-5, and IL-4 for progression of cell
division number.

Stat5b�/� B cells were labeled with CFSE and stimulated with
�CD38 plus IL-5. After 3 days of culture, the recovered cells were
sorted based on each cell division number by FACSVantage (BD
Biosciences). Total DNA was prepared from each sorted popula-
tion of the B cells, and PCR analysis for detecting �1-� reciprocal
DNA recombination products was conducted. Frequencies of �-�1
CSR increased in a division-related manner. Significant �-�1 CSR
frequencies were found after five to six cell divisions following
�CD38 and IL-5 stimulation (data not shown)

To confirm the impaired CSR frequencies in Stat5b�/� B cells,
we cultured both Stat5b�/� and Stat5b�/� B cells with �CD38

FIGURE 4. Semiquantitative RT-PCR analysis of sterile �1 transcript
expression in B cells activated by CD38 ligation. Splenic B cells (5 � 106

in a 5-ml culture) from Stat5a�/� and Stat5a�/� mice (A) or Stat5b�/� and
Stat5b�/� mice (B) were cultured in the presence of �CD38 (0.5 �g/ml) or
�CD38 and IL-5 (100 U/ml). Total RNA was prepared from both precul-
tured and cultured cells 48 h after plating, and cDNA was prepared. Serial
dilutions (fourfold) of the cDNA templates were subjected to PCR analysis
using sets of primers amplifying sterile �1. The HPRT gene was amplified
to calibrate quantities of cDNA in each sample.

FIGURE 5. Impaired �-�1 switch recombination of
Stat5a�/� and Stat5b�/� B cells in response to �CD38
plus IL-5. Splenic B cells (5 � 106 in a 5-ml culture)
from Stat5a�/� and Stat5a�/� mice (A) or Stat5b�/�

and Stat5b�/� mice (B) were cultured with �CD38 (0.5
�g/ml), �CD38 and IL-5 (100 U/ml), or �CD38, IL-5,
and IL-4 (100 ng/ml). On day 3, cells were harvested
and total DNA was prepared from live cells. �1-�
switch circles were amplified using 5�S�1 and 3�S�
primers and LA-Taq polymerase from genomic DNA
samples (200 ng) and hybridized with 5�S�1 probes.
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plus IL-5, after staining with CFSE. After the culture, we used cell
sorting to separate nondividing cells and cells that had undergone
five to six cell divisions (Fig. 7A). Total DNA was purified from
each sorted cell fraction, and the concentration was adjusted using
the genomic cd38 DNA (Fig. 7B) and then used for the PCR am-
plification. We could detect a high number of �1-� switch circles
using 10 ng of DNA from Stat5b�/� B cells that had divided five
to six times, whereas few �1-� switch circles were detected in
Stat5b�/� B cells (Fig. 7C). In contrast, 200 ng of total DNA from
unsorted Stat5b�/� B cells was required to detect �1-� switch
circles (Fig. 7D). We infer from these results that Stat5b�/� B
cells that have undergone a similar number of cell divisions num-
ber to Stat5b�/� B cells show impaired �-�1 CSR.

Expression of AID and Blimp-1 in Stat5a�/� and Stat5b�/� B
cells

We previously reported that Blimp-1 expression was enhanced in
�CD38-activated splenic B cells upon IL-5 stimulation (30). Using
DNA chip analysis we have identified several mRNAs whose ex-
pressions are enhanced in IL-5-stimulated B cells (K. Horikawa
and K. Takatsu, unpublished observation). Among these are AID,
Blimp-1, and SOCS-2. We examined the effects of �CD38 and
IL-5 on the mRNA expression of AID, Blimp-1, and SOCS-2 in
Stat5b�/� and Stat5b�/� B cells by RT-PCR. As shown in Fig. 8,
mRNA expression for AID, Blimp-1, and SOCS-2 was enhanced
by IL-5 in �CD38-stimulated B cells from Stat5b�/� mice. In
Stat5b�/� B cells, mRNA expression for AID and SOCS-2 was
enhanced upon IL-5 stimulation to an extent similar to Stat5b�/�

B cells. However, IL-5-dependent mRNA expression for Blimp-1
was lower than that found in Stat5b�/� B cells. Essentially iden-
tical results were obtained in Stat5a�/� B cells (data not shown).
These results imply that target genes for Stat5a and Stat5b in B
cells are unlikely to be AID or SOCS-2.

Discussion
Ig CSR in B cells is an important process for generation of func-
tional diversity of the humoral immune response. B cells display
an exquisite ability to control and target CH switch recombination.
Cytokines such as IL-4, IFN-�, IL-10, and TGF-� (reviewed in
Refs. 2–4) play a crucial role in directing the CSR machinery. The
mode of B cell activation, whether T-independent, as invoked by
LPS, or T-dependent after exposure to intact T cells or CD40 li-
gand (CD40L), also affects the outcome of cytokine stimulation
with respect to the efficiency and direction of CSR (14). We have
been focusing on molecular mechanisms of IL-5-dependent CSR
of mouse splenic B cells. As we reported, �CD38 and IL-5 can
induce a high level of switching to IgG1 in naive (sIgD�) splenic
B cells and that IL-4 can enhance the level of switching (13). To
the extent that it can tell us something about the mechanism of
CSR in vivo, this is a potentially useful in vitro system. We have
shown that IL-5 activates Stat5, but the role of Stat5 in regulating
IL-5-mediated CSR in the �CD38 system is not known. We have
therefore examined switching to IgG1 in this system in B cells
from mice deficient in Stat5a or Stat5b. The data presented in this
paper demonstrate that both Stat5a and Stat5b are activated in
response to IL-5 and are, somewhat surprisingly, both required for
switching to IgG1 in splenic B cells and for their maturation into
IgM- and IgG1-secreting cells.

Accumulating data suggest that IL-5 stimulation induces ty-
rosine phosphorylation of Stat5. Thus, we examined tyrosine phos-
phorylation of both Stat5a and Stat5b upon IL-5 stimulation in
murine B cells. Both Stat5a and Stat5b were activated by IL-5, but
not by �CD38 stimulation. The decay kinetics between Stat5a and
Stat5b tyrosine phosphorylation differed considerably (Fig. 1). We
do not think that this is relevant to the respective roles in IL-5-
dependent CSR, because differences were variable experiment to
experiment that appeared to have nothing to do with frequencies of
IL-5-induced CSR. Unlike the other known Stat proteins, Stat5
consists of two highly homologous proteins, Stat5a and Stat5b,
that exhibit overlapping functions. It is surprising that IL-5-depen-
dent CSR is impaired in B cells lacking either Stat5a or Stat5b.
Given that Stat5b DNA binding activity is not dependent on the
presence of Stat5a, it is possible that the residual response in
Stat5a�/� B cells is regulated by intact Stat5b, and vice versa. It is
also possible that the residual proliferative response in Stat5a�/� B
cells or Stat5b�/� B cells is regulated by Stat5-independent sig-
naling pathways. Regarding molecular interaction between Stat5a
and Stat5b, Stat5a/Stat5b heterodimer and Stat5a/Stat5a ho-
modimer formation was reported. Our results are highly suggestive
of the possibility that the formation of Stat5a/Stat5b heterodimers
may be critical for the induced expression of IL-5-dependent
genes, because both Stat5a�/� and Stat5b�/� B cells showed im-
paired CSR induced by IL-5. As IL-4 induces Stat6 activation
besides Stat5 activation, formation of Stat5a/Stat6 heterodimer
may also be effective for the IL-4-dependent enhancement of IL-
5-induced CSR. Other possibilities are not excluded.

As described, �CD38 enhances the proliferative response of
sIgD� B cells and induces the expression of germline �1 tran-
scripts, while IL-5 stimulation does not induce or enhance detect-
able germline �1 expression (13). By amplifying deleted circular
DNA fragments containing reciprocal S�1-S� junctions, we can

FIGURE 6. Tracking B cell division number. CFSE-labeled splenic B
cells were stimulated with �CD38 (0.5 �g/ml), �CD38 and IL-5 (100
U/ml), or �CD38, IL-5, and IL-4 (100 ng/ml) for 3 days and harvested. The
progression of the cell division cycle was monitored using FACSCalibur
by sequential twofold reductions in CFSE intensity. A, Stat5a�/� and
Stat5a�/� B cells. B, Stat5b�/� and Stat5b�/� B cells.
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detect �-�1 CSR regardless of subsequent proliferation in IL-5-
and �CD38-stimulated B cells. Increment in numbers of sIgG1�

cells or of S�1-S� rearrangement events are not induced upon
�CD38 stimulation alone. We infer from these results that while
the signals mediated by CD38 binding are essential, IL-5 can in-
duce S�-S�1 DNA recombination. RT-PCR analysis revealed that
the �CD38-induced expression of germline �1 transcripts in both
Stat5a�/� B cells and Stat5b�/� B cells was similar to that ob-
served in WT control B cells (Fig. 4), consistent with the data
showing that stimulation of B cells with �CD38 does not signif-
icantly activate either of these factors (Fig. 1). This extends the
understanding of CSR beyond the “accessibility” model (3). The
role of Stat5a and Stat5b on IL-5-dependent �-�1 CSR is different
from that of Stat6, which plays a critical role in not only IL-4-
mediated expression of germline �1 and � transcripts, but also
�-�1 and �-� CSR (65).

We showed that impaired IL-5-dependent �-�1 switch recom-
bination in Stat5b�/� B cells, but not in Stat5a�/� B cells, was
partially rescued by IL-4 (Figs. 3 and 5), although IL-4 alone did
not induce CSR in �CD38-activated B cells (13). Consistent with
our results, some studies have shown that Stat5a and Stat5b can be
differentially activated and regulate different sets of genes, though
most cytokines and growth factors activate both. For example,
IFN-� and IFN-� predominantly activate Stat5a in promonocytic
U937 cell, while IFN-� exclusively activates Stat5b in HeLa cells
(66). Similarly, different activation and distinctive functions be-
tween Stat5a and Stat5b have been reported (67, 68). In support of
this, Zhang et al. (69) reported that myeloid progenitors from the
marrow of Stat5a�/� mice are unable to respond to the stimulating
effects of Flt3 ligand, while those from Stat5b�/� mice can. We
reported that infiltration of Ag-induced CD4� T cells and IL-5
production in the airways are diminished in Stat5a�/� and
Stat5b�/� mice, whereas Ag-specific IgE and IgG1 production is
diminished in Stat5a�/� mice but not in Stat5b�/�mice (56). We
inferred from these results that both Stat5a and Stat5b are required

for Ag-induced eosinophil and T cell recruitment into the airways,
for IL-5 production in the airways, and for IL-5-dependent eosi-
nophilopoiesis. Moreover, Stat5a, but not Stat5b, plays a role in
regulating IgG1 and IgE production by biasing the balance be-
tween Th1 and Th2 cell activation toward a Th2 profile. Regard-
less of the mechanism, our present data confirm that Stat5a and
Stat5b are not redundant, but rather are at least partially distinctive
in their functions in CSR in B cells.

A number of previous reports have linked the mechanism of
CSR with cell division (59). Using this system, Hodgkin and his
colleagues (61–64) provided evidence that in B cells the frequency
of CSR increases by a measurable amount per division. Their stud-
ies have also established the principle that the division-based rate
of CSR and the rate of proliferation are independent events that
can be distinguished. This is particularly important when studying
the effect of individual cytokines, alone or in combination, as they
frequently alter the rates of both CSR and proliferation. In this

FIGURE 7. Impaired �-�1 switch recombination in
Stat5b�/� B cells. Stat5b�/� and Stat5b�/� B cells were
labeled with CFSE and stimulated with �CD38 (0.5 �g/
ml) plus IL-5 (100 U/ml) for 3 days then harvested. The
B cells were sorted on the basis of cell division number
by FACSVantage and the frequencies of �-�1 CSR
were analyzed by PCR, followed by Southern blot anal-
ysis with 5�S�1 probe. A, FACS analysis of total cells,
non-dividing cells, and cells with five and six cell divi-
sions. B, PCR amplification of genomic cd38 DNA to
demonstrate equal concentrations of DNA in each sam-
ple. C, Amplification of �1-� switch circles using DNA
(10 ng) purified from each fraction of sorted B cells. D,
Amplification of �1-� switch circles using total DNA
(10 and 200 ng). The data shown in A and C are repre-
sentative of a number of experiments with identical re-
sults.

FIGURE 8. Induction of AID mRNA expression in Stat5b�/� B cells.
Stat5b�/� and Stat5b�/� B cells were stimulated with �CD38 (0.5 �g/ml)
or �CD38 plus IL-5 (100 U/ml) for 3 days. After the culture, the mRNA
expression for AID, Blimp-1, and SOCS-2 was examined by RT-PCR. The
HPRT was amplified so that the relative amounts of mRNA could be
compared.
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study, the relationship between division cycle number and CSR
was examined by culturing Stat5b�/� and Stat5b�/� B cells in the
presence of �CD38 and IL-5. We show by standard thymidine
incorporation assays and by FACS analysis of CFSE-labeled cells
that the proliferative response of B cells from the Stat5�/� mice is
reduced only modestly or not at all. PCR analysis of cells enriched
for switching cells by CFSE labeling and FACS sorting demon-
strated that switching to IgG1 is virtually undetectable in
Stat5b�/� B cells stimulated with �CD38 and IL-5 (Figs. 2, 6, and
7). The �-�1 CSR was reproducibly detectable in Stat5b�/� B
cells after four division cycles and peaked following five to six
division cycles. The frequency of CSR of B cells with five and six
division cycles was as much as 20 times higher than that of non-
divided cells. Stat5b�/� B cells did not show detectable CSR for
IgG1 even after six cell division cycles (Fig. 7). These experiments
suggest that T cell help, or �CD38 and IL-5 stimulation, initiates
an isotype-switching program that requires a number of cell divi-
sion cycles before being completed.

CSR in B cells can be affected by the defects in the extracellular
stimulation, intracellular signal transduction, or nuclear events. Al-
though activated Stat5a and Stat5b are required for IL-5-induced
CSR from � to �1 DNA sequences, no consensus Stat5 DNA-
binding element for Stat5 was found in the regulatory regions of
the mouse �1 gene as far as examined using in silico analysis. We
speculated that the involvement of Stat5a and Stat5b in the induc-
tion of �1 gene expression leading to CSR may be indirect rather
than direct. Recently, Muramatsu et al. (25) demonstrated that
AID, one of the RNA editing enzymes, is essential for CSR and
somatic hypermutation of Ig. AID-deficient mice can produce Ag-
specific IgM in response to the T-dependent Ags, while CSR and
hypermutation are completely blocked despite intact germinal cen-
ter formation (25). Although they have provided the evidence that
AID is an essential component for both CSR and hypermutation,
the precise site of action of AID that underlies CSR still remains
to be solved. We tested the ability of �CD38 plus IL-5 to induce
AID expression in Stat5b�/� B cells. The results demonstrate
equivalent levels of AID in WT and Stat5b�/� B cells (Fig. 8),
indicating that poor or absent AID expression is not responsible for
the lack of switching to IgG1 and production of IgM and IgG1 in
�CD38- and IL-5-stimulated Stat5�/� B cells. Interestingly, ex-
pression of the Blimp-1 gene was impaired in Stat5b�/� B cells
(Fig. 8), consistent with the data showing that stimulation of
�CD38-activated B cells with IL-5 significantly enhances the
Blimp-1 gene expression (30). The expression of the SOCS-2 gene
was unaltered (Fig. 8). There is a consensus DNA element for the
Stat5 binding site in the 5� region of the Blimp-1 gene whose
expression induced by IL-5 may play an important role in IL-5-
induced CSR. The important finding in this study is that the IL-
5-dependent step or steps require Stat5a and Sta5b and do not
involve regulation of AID expression.

In conclusion, Stat5a and Stat5b are essential for IL-5-induced
CSR from � to �1 in �CD38-activated B cells. Stat5a and Stat5b
may not affect cell division number in B cells stimulated with
�CD38 and IL-5. Molecules that are induced by Stat5 may be CSR
machinery or targets for AID leading to IL-5-induced CSR. Fur-
ther study of genes that are expressed in response to IL-5 should
provide us with important additional information about the mech-
anisms by which IL-5 induces �-�1 CSR.
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